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We present analysis, by cryo-electron microscopy and single-
particle reconstruction, of the structure of the 80S ribosome from
Trypanosoma cruzi, the kinetoplastid protozoan pathogen that
causes Chagas disease. The density map of the T. cruzi 80S ribo-
some shows the phylogenetically conserved eukaryotic rRNA core
structure, together with distinctive structural features in both the
small and large subunits. Remarkably, a previously undescribed
helical structure appears in the small subunit in the vicinity of the
mRNA exit channel. We propose that this rRNA structure likely
participates in the recruitment of ribosome onto the 5 end of
mRNA, in facilitating and modulating the initiation of translation
that is unique to the trypanosomes.
eukaryote  translation  initiation
The trypanosomatidae family encompasses a group of flagel-lated protozoans causing a series of severe diseases: Trypano-
soma cruzi, Trypanosoma brucei, and species of Leishmania. They
have evolved very differently from bacteria, yeast, and animal
cells, and have developed unique cellular and genetic pathways.
These protozoans are also among those few lower eukaryotic
organisms that possess unusually structured mRNAs, as products
of a special transsplicing RNA editing mechanism in posttran-
scription (1–3). As the result of transsplicing, every trypanosome
mRNA has 39 identical nucleotides at the 5 terminus, the
so-called spliced leader (SL). Besides the universally conserved
7-methyl guanosine cap, which is linked to the first nucleotide via
a 5-5 triphosphate bridge, the first four nucleotides of the 39-nt
SL are all methylation-modified. This unusually modified cap,
known as the cap-4 structure (4–7), is the most highly modified
cap structure among all eukaryotic cells.
The functionality of the specially constructed mRNAs in the
trypanosome and the reason for their occurrence in only a few
organisms are as yet unknown. Counting on the important role
of the mRNA 5 end during eukaryotic translation initiation (8),
the SL sequence and its associated cap structure are expected to
play a significant part in translation initiation, and possibly to be
involved in a unique mechanism of initiation. Indeed, mRNAs
processed by transsplicing were found to be translated with
higher efficiency than the regularly constructed mRNA, on
account of the synergistic cooperation between SL sequence and
its associated cap structure (9, 10). There is increasing evidence
in biochemical studies for direct interactions between ribosome
and SL sequencecap structure through complementary base
pairing (11–13). In kinetoplastid Leishmania, the cap-4 structure
and the first two thirds of the SL sequence have been found to
be critical for the association of mRNAs with polysomes (13).
Here, we have used cryo-EM to obtain the structure of the
T. cruzi 80S ribosome. In comparison with ribosomal structures
from other species, the density map of T. cruzi 80S ribosome
shows the presence of unusual structural components, related
to large expansion segments in the rRNA secondary structure.
We postulate that these unusual ribosomal components are
involved in the unique mechanism of translation initiation in
trypanosomes.
Materials and Methods
Purification of the T. cruzi 80S Ribosome. Ribosomes were purified
from epimastigotes of T. cruzi according to the protocol de-
scribed by Gomez et al. (14). All ribosome purification steps were
performed at 4°C in the presence of protease inhibitors. The
parasites were disrupted in SKS (0.25 M sucrose5 mM KCl)
supplemented with 0.25% of deoxycholate. The homogenate was
centrifuged at 1,000  g for 10 min. The supernatant (SN) was
repeatedly centrifuged at 12,000  g for 20 min until no pellet
was detected. The SN was centrifuged at 105,000  g for 2 h, the
pellet was resuspended in buffer I (20 mM TrisHCl, pH 7.5100
mM MgCl2500 mM ammonium acetate5 mM 2-mercaptoetha-
nol). Afterward, the suspension was clarified several times by
centrifugation at 12,000  g for 10 min until no pellet was
evident. The SN was loaded on a two-layer discontinuous sucrose
gradient formed by a bottom 40% (wtvol) sucrose solution and
a top 20% (wtvol) sucrose layer. The sample was centrifuged at
105,000  g for 18 h. The translucent pellet was resuspended in
buffer II (10 mM TrisHCl, pH 7.512.5 mM MgCl280 mM
KCl5 mM 2-mercaptoethanol) and diluted in buffer II. Samples
were frozen and stored at 80°C.
Cryo-EM and Image Processing. Buffer solutions containing T.
cruzi 80S ribosome with final concentration of 32 nM were
applied to cryo-EM grids at 4°C following the standard
procedure using the Vitrobot (FEI, Eindhoven, The Nether-
lands). A total of 173 micrographs were recorded in a defocus
range between 1.0 and 3.3 m on a Philips Tecnai F20 electron
microscope at 200 kV with a calibrated magnification of
49,650, under low-dose conditions (18 eÅ2). The micro-
graphs were digitized on a Zeiss Imaging scanner (ZI Imag-
ing, Huntsville, AL) with a step size of 14 m, corresponding
to a pixel size of 2.82 Å on the object scale. After evaluation
of drift, astigmatism, and the presence of Thon rings in the
power spectrum of each micrograph, 161 good micrographs
were selected and divided into 31 defocus groups. Ribosomal
particles were selected from these micrographs through three
steps: preliminary automated selection, manual verification,
and selection based on the size of the cross-correlation coef-
ficient with a template. A total of 53,505 particles were
obtained and subjected to the single particle reconstruction.
To start, two separate reconstructions were performed on a
small dataset of T. cruzi 80S ribosome, based on two different
reference volumes (80S ribosome from Thermomyces lanugi-
nosus and Saccharomyces cerevisiae) for projection matching.
The two reconstructed volumes were compared and found to
be highly consistent in terms of the new structural features.
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One of the newly reconstructed volumes was then used as
reference volume applied to the entire data set for the final
reconstruction. The final resolution of the CTF-corrected
volume was estimated by the Fourier Shell Correlation crite-
rion with a cutoff value of 0.5. The falloff of the Fourier
amplitudes toward higher spatial frequencies was corrected as
described (15), using the x-ray solution scattering intensity
distribution of the Escherichia coli 70S ribosome. RNA and
protein components were computationally separated using a
method (16) based on the differences in the density distribu-
tion of RNA and proteins, taking into account the molecular
masses and RNA contiguity constraints.
All of the steps of image processing were performed by using
the SPIDER package (17). The atomic RNA core structure was
fitted as rigid body into the EM density map, except that the L1
stalk region was manually docked as a separated rigid body using
O (18). The figures were prepared by using IRIS EXPLORER
(Numerical Algorithms Group, Downers Grove, IL) and the
CHIMERA package (19).
Results
Using the cryo-EM technique and the single-particle recon-
struction method (20), a density map of the T. cruzi 80S
ribosome with a resolution of 12 Å was reconstructed from
purified ribosomal particles. Considering the relatively low
total number of particles used in the reconstruction, such
resolution indicates that the ribosomal particles in the prep-
aration are highly homogenous. The overall structure of the T.
cruzi 80S ribosome exhibits well defined small (40S) and large
(60S) subunits, in keeping with the feature fundamentally and
evolutionally conserved among eukaryotic ribosomes (Fig. 1).
Landmark characteristics of the typical ribosome structure are
clearly identified in the density map. Compared with the
eukaryotic 80S ribosome from yeast, both the small and large
ribosomal subunits from T. cruzi are larger (1.3 times in
volume), mostly on account of the size increments of the
ribosomal RNA molecules, with the T. cruzi rRNAs [18S
rRNA: 2,315 nt (GenBank accession no. AF245382); 28S
rRNA: 4,151 nt (www.genedb.org)] being one-fifth larger than
the yeast rRNA (18S rRNA: 1,798 nt; 25S rRNA: 3,392 nt), in
terms of the total number of nucleotides.
Superposition of the density map of the T. cruzi 80S
ribosome and the model of the rRNA core structure built on
the basis of the cryo-EM map for yeast (21) produces a good
fit of the morphological features, indicating that this micro-
organism possesses the phylogenetically conserved eukaryotic
rRNA core structure. As shown in Fig. 2, the spatial ribosomal
configuration formed by rRNA core structure is preserved as
indicated by the well fitted known RNA components, such as
helix 44 from the small subunit and helix 69 from the large
subunit.
In terms of the ribosomal proteins, sequence analysis using
BLAST search indicates that almost all yeast ribosomal proteins
have counterparts in T. cruzi (except for L41e and S31), with
sequence identities varying between 30% and 70%. Surpris-
ingly, comparison of the density maps of the 40S ribosomal
subunits from T. cruzi and yeast reveals that RACK1, a large
scaffold protein in the head of the 40S subunit is absent from
the T. cruzi ribosome (Fig. 3). Recently identified as a ribo-
somal protein by mass spectroscopy (22) and cryo-EM (23),
RACK1 is a constituent of all eukaryotic ribosomes visualized
by cryo-EM thus far, and apparently plays a direct role in the
regulation of eukaryotic translation initiation through the
recruitment of protein kinase C (23). Because data mining
indicates that a homolog of the RACK1 gene is present in the
T. cruzi genome, the absence of RACK1 from the T. cruzi 80S
ribosome revealed by our study might be a ref lection of an
earlier stage of eukaryotic evolution.
Although the T. cruzi 80S ribosome possesses common ribo-
somal features, it exhibits many distinctive structural features in
both the small and large subunits. Compared with prokaryotic
and other eukaryotic ribosomes, the T. cruzi ribosomal 40S
subunit appears expanded, due to the addition of a large piece
of density adjacent to the platform region (Fig. 3). As indicated
in the secondary structure of the T. cruzi 18S rRNA (Fig. 4), this
extra density must be attributed to two large expansion segments
in domain II of the 18S rRNA, ES6 and ES7, designated as
insertions of helices 21 and 26. These are the two largest
expansion segments in the T. cruzi 18S rRNA, involving 504 and
147 nucleotides, respectively.
Part of ES6ES7 makes up a large helical structure (which we
term the ‘‘turret’’), located at the most lateral side of the 40S
subunit (Fig. 4). The turret measures 205 Å in length, thus
forming the longest helical structure ever observed in a ribo-
some. The upper end of the turret appears as a sharp, freestand-
ing spiral of 50 Å in length, which we term ‘‘spire,’’ apposed to
the exit of the mRNA channel. The distance between the spire
and the mRNA exit is 130 Å. The lower portion of the turret
extends all of the way to the bottom of the 40S subunit. At its
lower end, it bends by almost 90° and forms a bridge with the 60S
subunit (Fig. 1). This is a unique type of connection between the
small and large subunits, as compared with all other ribosomal
Fig. 1. The 12-Å resolution cryo-EM density map of the 80S ribosome from T. cruzi. The density map is shown in two side views of the 80S ribosome. The 40S
subunit is in yellow and the 60S subunit in blue. Landmarks for the 40S subunit: h, head; bk, beak; sh, shoulder; b, body; tu, turret; landmarks for the 60S subunit:
CP, central protuberance; H38, helix 38; SB, stalk base; pr, prong; SRL, sarcin–ricin loop; L1, L1 stalk. The dashed line defines the spire of the turret. The asterisk
marks the previously undescribed connection between the small and large ribosomal subunits.








structures investigated to date (24). Apart from the turret, the
extra density in the 40S subunit also includes several small helical
structures as part of ES6 and ES7. These helical structures
observed in our density map are in accordance with the com-
parative analysis result based on ES6 sequences from 3,000
eukaryotes, in which several helices were identified only from
kinetoplatida (25).
Besides the expansion segments ES6 and ES7, which are
related to the turret structure and its subsidiaries, T. cruzi 18S
rRNA has four additional small expansion segments, designated
as ES3, ES9, ES10, and ES12, located in domains I, III, and IV
of the 18S rRNA, respectively. Similarly, all of these small
expansion segments are found to be associated with the unac-
counted density in the T. cruzi 40S ribosomal subunit (Fig. 4).
ES12 is located in the long penultimate helix (helix 44), and
results in the helix 44 in T. cruzi (113 nt) being longer than in E.
coli (103 nt), but shorter than in yeast (129 nt). Consistent with
these variations in length, the span of the density attributable to
helix 44 in the T. cruzi ribosome also has an intermediate position
between E. coli and yeast. ES3, ES9, and ES10 are located near
helices 9, 39, and 41, respectively, and are associated with three
small masses in the density map of the 40S ribosomal subunit,
one at the bottom of the 40S ribosomal subunit, the other two
in the head region.
Fig. 2. Stereoviews of the conserved rRNA core structure in 40S (A) and 60S (B) ribosomal subunits from T. cruzi. The density maps of the 40S and 60S ribosomal
subunits are represented in wire mesh. The atomic structures were directly adopted from the rRNA core structure from yeast (Protein Data Bank ID codes 1S1H
and 1S1I). Color codes for the conserved rRNA core in the small subunit: domain I, red; domain II, green; domain III, yellow; domain IV, blue. Color codes for the
conserved rRNA core in the large subunit: domain I, blue; domain II, cyan; domain III, yellow; domain IV, red; domain V, magenta; domain VI, green; 5S RNA,
orange. h, head; bk, beak; tu, turret; h44, helix 44; h33, helix 33; h18, helix 18; h23, helix 23; DC, decoding center; CP, central protuberance; L1, L1 stalk; pr, prong;
SB, stalk base; PTC, peptidyl-transferase center; SRL, sarcin–ricin loop; H34, helix 34; H38, helix 38; H68, helix 68; H69, helix 69.
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As to the large subunit, besides the common occurrence of
the central protuberance (CP), L1 stalk, and stalk base of P
proteins, as well as the conserved rRNA core structure, the T.
cruzi 60S subunit contains several large extra densities located
at its periphery, compared with the large ribosomal subunit in
yeast (Fig. 3). Although the secondary structure of the T. cruzi
rRNAs in the 60S subunit is not available, the locations of most
of the observed extra densities are consistent with the general
locations of the rRNA expansion segments, which are, as a
rule, at the surface of the eukaryotic ribosomes (26). Among
all of the extra densities, there is a large helical structure
(‘‘prong’’) located between the CP and helix 38, in the back of
the 60S subunit (Figs. 1 and 3). Interestingly, a similar feature
was only reported in the structure of the human ribosome, but
Fig. 3. Structural comparison of the ribosomal subunits from T. cruzi and yeast (S. cerevisiae). (A and B) Intersubunit view of the 40S subunits. (D and E) Solvent
side view of the 40S subunits. (C and F) Superposition of the two 40S subunits (T. cruzi 40S is in semitransparent red, and yeast 40S in solid yellow). (G and H)
Intersubunit view of the 60S subunits. (J and K) Solvent side view of the 60S subunits. (I and L) Superposition of the two 60S subunits (T. cruzi 60S is in
semitransparent red, and yeast 60S in solid blue). RACK1, protein RACK1; st, P-protein stalk; A, aminoacyl site; P, peptidyl site; E, exit site. Other landmarks are
the same as introduced in Fig. 2.








not in yeast and bacterial ribosomes (27). Morphological
comparison of the 60S ribosomal subunit from T. cruzi with
those from yeast and other higher eukaryotes reveals that the
T. cruzi 60S ribosomal subunit does not possess the universal
eukaryotic feature as a planar surface near the exit site of
polypeptide (24). Instead, the 60S ribosomal subunit from T.
cruzi presents a shape that is similar to those from bacteria
(Fig. 5, which is published as supporting information on the
PNAS web site).
In contrast to the conserved eukaryotic rRNA core structure,
the location of the L1 stalk in T. cruzi, which is on one side of
the CP, does not match either of the two reported positions in
yeast, known as the ‘‘in position’’ and ‘‘out position,’’ in relation
to the ratchet-like subunit rearrangement. Instead, the L1 stalk
in T. cruzi takes an in-between position, possibly due to its high
mobility. On the other side of the CP, the P protein stalk is not
visible in the density map of the T. cruzi 60S ribosomal subunit,
whereas Western blots of the ribosome preparation using mono-
clonal antibodies against P proteins (P0P1P2) showed that
these proteins were present (see Fig. 6, which is published as
supporting information on the PNAS web site). As homologs of
the bacterial moiety L10(L7L12)4, P proteins are known to be
very flexible, and the absence of a stalk in the current EM
density map is likely due to the lack of stabilization through
additional ligand binding (28).
Discussion
Structural analysis of the 80S ribosome from T. cruzi may be
of importance in detecting specific structures necessary for the
process of translation of this pathogenic microorganism. Our
cryo-EM result shows that one of the most notable structural
features in the T. cruzi 80S ribosome is associated with the
small subunit, as a turret structure forming a large helix with
its upper end located in the vicinity of the mRNA exit channel.
A comparison of the available secondary structures of the 18S
rRNA among eukaryotes (29) indicates that the large expan-
sion segments ES6 and ES7 identified to be associated with the
turret structure and its subsidiaries only exist in trypanosomes,
where they occur with highly conserved sequence and size
(current data available for T. cruzi, T. brucei, and L. major,
www.rna.icmb.utexas.edu). On the other hand, the 39-nt SL
sequence and its associated cap structure are also highly
conserved in these trypanosomes (Fig. 7, which is published as
supporting information on the PNAS web site). Thirty of the
39 nucleotides in their SL sequence are identical, including the
modified first four nucleotides that compose the cap-4 struc-
ture. The unique features of the T. cruzi ribosomal components
found in our study, along with the unusually structured mRNA
conserved among known trypanosomes, suggest the existence
of a unique interaction between the trypanosomal ribosome
and the mRNA.
In eukaryotic translation initiation, the overwhelming major-
ity of the mRNAs recruit the ribosomal 40S subunit through
their 5-end cap, and a number of initiation factors, including
eIF4E, eIF4G, and eIF4A, a process known as the cap-
dependent initiation (30). A recent study of the cap-binding
protein eIF4E from trypanosome showed that eIF4E in trypano-
some has much lower binding affinity with the cap-4 structure,
compared to the binding affinity of eIF4E in mouse with
monomethylated cap (31). Furthermore, the detected cellular
level of eIF4E also appears lower than that required for con-
ducting translation sufficiently (32). In line with these findings of
the eccentric behavior of eIF4E in the trypanosome, and the
unusually structured mRNA 5-end conserved among trypano-
somes, we propose that the turret structure found in the T. cruzi
40S ribosomal subunit may be involved in the translation initi-
ation process in T. cruzi.
In the absence of a tertiary structure model related to the
turret structure, a legitimate guess would be that the spire
region of the turret may be a target for direct interaction with
the SL sequence and cap-4 structure at the 5 end of mRNA.
At the free end of the turret structure, the conformation of the
spire would allow a certain freedom of movement during the
interaction with mRNA. Although a direct sequence scan in
ES6 and ES7 does not reveal the nucleotides that form the
Watson–Crick base pairs with the cap-4, it is possible that some
nucleotides in the 39-nt SL sequence are involved in the base
pairing. In addition, the SL sequence itself might be recog-
nized by the turret, perhaps by folding into a specific structure
similar to a viral internal ribosome entry site sequence (33),
which forms direct RNA–ribosome contacts to initiate trans-
lation. A case in point is that the 39-nt spliced leader would fit
Fig. 4. RNA in the T. cruzi 40S ribosomal subunit. (A) Secondary structure diagram of the T. cruzi 18S rRNA (www.rna.icmb.utexas.edu). The expansion segments
are marked by using the nomenclature of Gerbi (26). The regions of ES6 and ES7 are indicted by arrows and the number of encompassed nucleotides. (B and C)
RNA partition of the T. cruzi 40S ribosomal subunit as viewed from intersubunit side and solvent side. The conserved rRNA core is rendered in yellow. The
expansion segments are highlighted: ES6 and ES7, orange; ES3, dark purple; ES9, light purple; ES10, green; ES12, cyan.
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the 130-Å distance between the spire and the mRNA exit
without being fully extended. In the absence of additional
evidence, we cannot rule out other possibilities, e.g., that the
turret may represent a special platform for binding distinct
initiation factors unique to the trypanosomes or that it may
substitute for some initiation factors in trypanosome.
The absence of RACK1 from the small subunit of the T.
cruzi ribosome may also be involved in defining the very
specific nature of translation initiation in these parasite cells.
It is conceivable that all protozoan species of the Euglenozoa
group, including free living species that possess mRNA pro-
cessed by transsplicing, share the special ribosomal component
observed here, as well as a unique mechanism of translation
initiation.
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